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ABSTRACT
Specimens of Dendraster excentrlcus, the common 
Pacific Coast sand dollar, were collected from 24 local­
ities between Vancouver Island, British Columbia, and 
Santa Rosalia Bay, Baja California. These tests were 
analyzed for magnesium by an x-ray diffraction technique; 
for strontium by an x-ray spectrographic technique. The 
calcium content was calculated assuming 100 per cent 
carbonate.
The magnesium carbonate content of Dendraster tests 
appears to be directly related to both water temperature 
and salinity. The percentage of MgCO^ in tests from 
normal salinity waters increases about 0.5 per cent cor­
responding to an increase in mean summer water temperature 
of 11° C . A limited number of analyses of tests of other 
echinoid species suggest that the temperature-magneslum 
trend of Dendraster is not continuous in a linear manner 
with warmer water echinoid species of the same environ­
mental type.
The strontium-calcium ratio in Dendraster tests is 
inversely related to water temperature and appears to be 
unaffected by changes in salinity. Considering mean Sr/Ca 
ratios of all the echinoid species observed, no obvious 
trend with temperature is apparent.
V
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INTRODUCTION
Purpose
In recent years a number of broad preliminary 
studies have been made of the blogeochemlstry of magne­
sium and strontium In the calcareous skeletons of marine 
organisms. Several relationships have been suggested 
between shell composition and chemical and physical en­
vironmental factors such as temperature and salln5ty. 
Extensive quantitative paleoecologleal applications may 
be possible If relationships between environmental para­
meters and shell chemistry can be more precisely defined, 
but more detailed studies of modern forms are needed to 
accomplish this.
It Is the primary purpose of this study to examine 
the changes In concentration of magnesium and strontium 
In the skeletons of a modern echlnold species collected 
from varying environments over much of its range. For 
purposes of comparison, analyses of several other echlnold 
species are Included. A further objective of tbls study 
Is to evaluate the method used herein. In the light of Its 
value for use In possible future blogeochemlcal studies 
of this nature.
— 1 —
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
■“2 •"
Choice of Species
Dendraster excentricus Eschscholtz, the common sand 
dollar of the Pacific Coast of North America, was chosen 
for this study because it is easily collected, has a wide 
range of temperature and salinity tolerance, and deposits 
a calcite skeleton high in magnesium content. As far as 
paleoecological application of the results of this study 
is concerned, D_̂  excentrlcus has several recognized dis­
advantages. Among these are the short geological range 
of the species (Pleistocene to Recent), and more impor­
tant, the highly porous test, characteristic of echinoids. 
This feature of the test probably facilitates relatively 
rapid diagenetic changes in composition.
Dendraster excentricus ranges from Alaska to Baja 
California and inhabits nearshore, sandy bottoms. Ac­
cording to Raup (written communication, 1958), all the 
living forms of Dendraster are ’’members of the single 
species D^ e x c e n t r i c u s Raup (1956) distinguishes two 
ecological races of D_̂  excentrl eus, one living on the open 
coast and the other Inhabiting bays or sheltered loca­
tions, not subject to surf. He does not consider the two 
groups to be separate species because there is no effec­
tive ecological barrier between the sheltered and open 
coast populations and the two groups are ’’more or less 
contiguous
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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other echinoid species used in this study were chosen 
mainly to compare test composition from a variety of en­
vironmental types and geographical ranges wn* th the compo­
sition of Dendraster tests. The environmental types range 
from intertidal to deepwater forms. The geographic dis­
tribution is chiefly the Pacific Coast of North America, 
but also includes a limited number of specimens from the 
Gulf Coast and the Panamanian Pacific Coast.
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ANALYTICAL TECHNIQUE 
Magnesium Carbonate
Magnesium carbonate was determined with a Norelco 
x-ray diffractometer under the following conditions: 
X-radiation - Copper Koc 
Filter - Nickel
Diffraction conditions - 40kv, 15ma
Chart speed - % inch per minute
Scale factor - 16
Time constant - 4 seconds
Scanning rate - 2 the ta per minute
The technique used was fi rst described by Chave 
(1952), and takes advantage of a precise relationship 
between the change in lattice spacing of the principal 
x-ray reflection of calcite and the degree of magnesium 
substitution for calcium.
Samples were prepared for analysis as follows: large 
sand dollars were halved along the antero-posterior dia­
meter and one half was finely powdered. The entire test 
of smaller sand dollars was ground. Reagent grade calcium 
carbonate containing no magnesium was used as the internal 
standard to determine the deviation in lattice spacing of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the sample from pure CaCOj. An equal weight portion of 
the reagent grade CaCO^ was mixed with the sample.
The resulting diffraction pattern consisted of two 
peaks between 29° and 30° two theta. The difference in 
two theta of the two reflections was measured to the 
nearest 0,005 degree. The percentage of magnesium sub­
stitution was then read from a curve relating change in 
two theta with magnesium content computed from Chave’s 
(1952) data. The standard deviation of this technique is
0.15 per cent MgCO or slightly less than 2 per cent of
the amount measured.
■Strontium .Carbonate
Strontium carbonate was determined by x-ray fluor­
escence using a Norelco x-ray fluorescence unit. The 
analytical conditions were as follows;
X-radiation - tungsten
Analyzing crystal - NaCl
Excitation conditions - 50kv, 40ma
Chart speed - ^ inch per minute
Scale factor - 16
Time constant - 4 seconds
Scanning rate - 1° 2 theta per minute
The scale factor used is equivelent to 800 counts 
per second above background for a full scale deflection.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The organic matter of tests collected alive was re­
moved by soaking in Chlorox for approximately ten minutes. 
In order to determine if tests collected on beaches con­
tained significant amounts of organic matter, a number 
were ground and then heated to a temperature of 350®C. 
Thompson and Chow (1955) state that the weight loss at 
this temperature is attributed mainly to eliminating 
organic matter. In the specimens analyzed in this study 
the weight loss was found to be negligible.
External standards were made with analytical grade 
CaCOj and SrCOg. Since the standard samples did not 
contain MgCOg, it was necessary to correct for the ab­
sorption difference of the high magnesium calcite matrix 
of the test material and the pure CaCOg matrix of the 
standard. This was calculated by a method described by 
Hower (1959), whereby matrix corrections for most of the 
important trace elements are made by determining the mass 
absorption of the matrix relative to aluminum oxide at a 
given wave length. The corrections for MgCO^ absorption 
were generally quite small. For example, considering the 
absorption power of pure CaCO^ to be 1,00, the relative 
absorption of test material containing 10 per cent MgCO^ 
is 0.92, The standard deviation of this technique is
0,007 per cent SrCO , or roughly - 2,5 per cent of theo
measured SrCO^ content.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
“ 7~
Most strontium analyses in shell material have been
reported as the ratio of the number of atoms of strontium
to the number of atoms of calcium. This is done in order
to illustrate more clearly the relationship between
calcium and strontium. In the present study, calcium
analyses were not performed. However, Sr/Ca ratios were
calculated on the assumption that magnesium and strontium
are the only cations of significant quantity substituting
for calcium in the calcite lattice. Thus, the percentage
of CaCO was determined by subtracting the amount of o
MgCOg and SrCO^ from 100 per cent. Only mean Sr/Ca ratios 
were computed, that is, by using the mean figures of
skeletal SrCO and MgCO„, one ratio was obtained for eacho o
population studied.
PREVIOUS STUDIES
A comprehensive summary of earlier studies of the 
skeletal composition of calcareous marine invertebrates 
is to be found in the work of Vinogradov (1953).
Clarke and Wheeler (1922) observed that in certain 
marine invertebrate groups the amount of skeletal mag­
nesium in CaCO„ was related to both environmental water3
temperature and skeletal mineralogy. More recently,
Chave (1954a), as the result of a more extensive study, 
concluded that the carbonate polymorph, environmental
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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water temperature, and the phylogenetic level are the 
dominant controlling factors of magnesium uptake. Miner­
alogy is the most important factor ; aragonitic shell 
material generally contains less than 1 per cent MgCO^.
In most of the groups studied, the percentage of skeletal 
magnesium increases with successively warmer water forms, 
and generally speaking, the slope of the temperature- 
magnesium regression line increases in more primitive 
forms. Salinity, depth and age and size of the organ­
isms may also exert some influence on magnesium intake. 
Lowenstam (1954a) has suggested that deviations from the 
temperature-magneslum trends may be the result of seasonal 
skeletal growth.
Blackmon and Todd (1959) analyzed a large number of 
Foraminifera tests and concluded that the magnesium con­
tent was affected by temperature changes only in low en­
vironmental temperature ranges and not at higher tempera­
tures .
Chave (1954a), Lowenstam (1954b), Ladd (1957), and 
others have discussed the possibility of paleotemperature 
determinations utilizing the MgCO^ content of unaltered 
fossil invertebrates.
Recent comprehensive studies of the skeletal strontium 
cbntent of marine invertebrates were made by Odum (1950, 
1951), and Kulp, Turekian, and Boyd (1952). The following
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Is an abbreviated summary of the contributions of these 
workers a Both artificial growth studies and observations 
in natural populations indicated that the Sr/Ca ratio in 
shell material is directly proportional to the same ratio 
in the aquatic medium. Of secondary importance in de­
termination of the Sr/Ca ratio is the carbonate polymorph, 
Sr being more readily admitted into the aragonite lattice 
than into calcite, A given species will have a character­
istic Sr/Ca ratio depending on both physiology and min­
eralogy. Differences in Sr/Ca ratios appear to be un­
related to the age of the animal, season of the year, or 
the biological processes. Temperature, according to these 
workers, is of very minor importance. Lowenstam (1954a) 
pointed out that this generalization concerning tempera­
ture may be correct, but only if the mineralogy is con­
stant .
Thompson and Chow (1955), as part of the results of 
a survey of a large variety of calcareous marine invert­
ebrates, concluded that, allowing for individual varia­
tion and the limits of analytical precision, the Sr/Ca 
ratio of the entire phylum Echinodermata may be considered 
constant.
On the basis of analyses of selected fossil forms 
from the Plorena shale of Kansas, Turekian (1955) con­
cluded that salinity may be an independent factor in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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de termination of Sr/Ca ratios in shell material.
The magnesium, strontium, and manganese content as 
well as mineralogy of the shells of three modern molluscan 
species and their fossil representatives were studied by 
Krlnsley (1956). The modern forms were collected at five 
localities on the Pacific Coast encompassing an annual 
mean temperature range of 7°C. The variation detected In 
composition and mineralogy appeared to be unrelated to 
any obvious environmental factor, but the possibility of 
gross effects not detectable over this environmental range 
was not discounted.
According to Goldberg (1957), the variation In con­
trolling factors of deposition of magnesium and strontium 
In shell material is due to the degree of difference of 
these elements from calcium. Magnesium, calcium, and 
strontium have Ionic radii of ,66A, .99A, and 1.12A at 
six-fold coordination, respectively. As 8r^^ has an-Ionic 
radius closer to and within 15 per cent of Ca'*'̂ , It should 
be controlled by factors simlliar to those controlling 
calcium. Slmlliarly, the magnesium-calclum ratio of sea 
water and shell material differ because of dissimiliar 
radii of magnesium and calcium as well as organic control 
of magnesium uptake.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
RESULTS OP MgCO, ANALYSES
Tables I and II are summaries of collecting locality 
data for all the echinoid species studied. Figure 1 is 
an index map of the Pacific Coast of North America showing 
approximate locations from which D. excentricus tests were 
collected. The specimens of excentrl eus collected for
analysis ranged from surf worn tests found above normal 
high tide level to live sand dollars collected "In situ" 
from thriving colonies. Undoubtedly the chemical com­
position of tests of live animals reflect the environment 
in which they were found, insofar as the environment 
affects elemental Intake. However, weathered specimens on 
beaches may not be accurate or valid environment indicat­
ors because of (1) loss of magnesium and strontium after 
death; (2) representation of a variety of environmental 
depths, and ; (3) representation of a variety of growing 
seasons, the tests having been deposited by animals that 
died during a variety of seasons and years. In any case, 
if magnesium or strontium were lost after death or if a 
significant variety of growing seasons and environments 
were represented, a wider range in composition would be 
expected from beach samples than from live populations. 
This appears to be true, as indicated by the differences 
of coefficients of variability of both the magnesium and 
strontium content of live and beach samples, although the
- 11 -
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Table I.-Summary of collecting locality data for Dendraster excentricus
3.
3"
CD
CD■D
OQ.Ca
o3"O
o
CDQ.
■DCD
C/)C/)
No. Location Lat,N.
Coast
Type Collecting Conditions*
22 Miracle Beach, V.I., B.C., Can. 49°5G' Sheltered Low Tide
21 Qualicum Beach, V.I., B.C., Can. 49°26» Sheltered Low Tide
20 Witty Lagoon, V.I., B.C., Can, 48°29' Sheltered Alive-exposed by low tide
24 Mukkaw Bay, Wash. 48°20« Open Low Tide
23 Alki Point, Seattle, Wash. 47^35' Sheltered Alive-15 ft. depth
19 Ocean City, Wash, 47°3* Open Low Tide
18 Seaside, Oregon 46° Open Low Tide
17 Nehalem, Oregon 45°48' Open High Tide
16 Waldport, Oregon 44°26’ Open High Tide
15 Coos Head, Oregon 43°20» Open Low Tide
14 Gold Beach, Oregon 42°28* Open High Tide
13 Areata, Cal. 40°56’ Open Low Tide
12 MacKerricher Beach, Cal. 39°33» Open High Tide
11 Salmon Creek, Cal. 38°22♦ Open Low Tide
10 Bodega Bay, Cal. 38°18» Sheltered Low Tide-some alive
9 Stinson Beach, Cal. 37°53* Open Low Tide
8 Moss Landing, Monterey Bay, Cal. 36°48» Open High Tide
7 Morro Bay, Cal. 35°22' Open High Tide
6 Zuma Beach, Malibu, Cal, 34°1’ Open Low Tide
5 Scripps Pier, La Jolla, Cal. 32°51* Open Alive-24 ft. depth
4 Ensenada, B.C., Mexico 31°49* Open Low Tide
3 San Antonio Del Mar, B.C. Mexico 31°4’ Open Low Tide
2 San Quentin Bay, B.C. Mexico 30°2’ Open Low Tide
1 Santa Rosalia Bay, B.C. Mexico 28°39« Open Low Tide
ÎH
wLow tide and high tide refer to the relative levels on beaches from which tests 
were collected.
CD■DOQ.
CgQ.
■DCD
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Table II.-Sunrnary of collecting locality data for echinoid species other than 
Dendraster excentrlcus
No Location Type Collected
3.
3"
CD
CD■DOQ.Ca
o3"O
o
CDQ.
■DCD
C/)
(fi
12 MacKerricher Beach, Cal.
25 Cat Rock, Anacapa Isl,, Cal.
26 4th July Cove, Santa Catalina Isl., Cal
27 Corona del Mar, Newport Bay, Cal.
28 Long Point, Santa Catalina Isl., Cal.
29 Rio Hato, Panama
30 Treasure Island, Florida
31 Tarpon Springs, Florida
32 Gulf Coast ?
Strongylocentrotus drobachiensis 
Lytechinus anamesus 
Strongylocentrotus purpuratus 
Strongylocentrotus franciscanus 
Allocentrotus fragilus 
Encope sp.
Eehinarachinus pa m a  
Echinarachinus parma 
Encope emarginata
IH05
I
- 14-
22
CANADA
2 4 20
WASHINGTON
OREGON
CALIFORNIA
C.A.
L  MEXICO!
Fig, I. Index m ap showing Dendraster excentricus c ollecting l oc a l i t i e s.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
- 1 5 -
difference in variability is slight. The mean coefficient 
of variability of the magnesium content of live samples is 
3.3 per cent compared to 3.9 per cent for samples col­
lected on beaches. Similiarly, the mean coefficients of 
variability of the SrCOg content are 2.3 per cent and 
2,8 per cent, respectively.
According to Raup (1958), collections of sand dollars 
from beaches represent shallow water populations living 
close to the collecting beach. The greatest depth from 
which live sand dollars were collected for this study was 
25 feet. Furthermore, tests were avoided that exhibited 
a significant amount of wear beyond the loss of spines, 
possibly indicative of extensive post-death transportation. 
Hence, it is believed that effects of increasing depth are 
probably negligible for the specimens analyzed.
In order to test the possibility of loss of magnesium 
and strontium after death, live sand dollars as well as 
surfworn tests from above the normal high tide level were 
collected at a single location. Bodega Bay, California.
The mean MgCOg content of both groups is identical and 
the mean SrCOg content of the high tide tests is slightly 
greater than that of the live group. Furthermore, through­
out the populations studied, none appears unaccountably 
low in MgCOg or SrCO^. It is therefore assumed that the 
skeletal magnesium and strontium content of all samples
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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regardless of how collected, reflects conditions that ex­
isted during the life of the animal.
Since variation In depth e^d post-death changes are 
considered Insignificant for the samples used in this 
study, the slight difference In variability of live sand 
dollar populations and beach samples Is attributed pri­
marily to the greater variety of growing seasons repre­
sented by the beacfh specimens. That Is, tests washed up 
on beaches are from animals that died during various 
seasons of the year and also during different years, con­
sequently reflecting slightly varying temperature con­
ditions .
The Distribution of MgCO^ Within Single Tests
Clarke and Wheeler (1922), Samoilov and Terentieva 
(1925, from Vinogradov, 1953), and Chave (1954a) noted 
considerable variation of the MgCO^ within single echlnold 
tests as well as a disparity between tests and spines.
The spines In most cases contain less MgCO^ than the test 
and within the test proper, a difference between ambulacral 
and Interambulacral plates was noted with the Interambu- 
lacral plates generally containing more magnesium.
In the present study, calcite from simlliar anatomical 
regions of eight D^ excentrlcus tests was analyzed 
(Table III). No attempt was made to study Interambulacral
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CD"O
OQ.
C
g
O.
■DCD
5' Table III«-Distribut!on of MgCOj within individual Dendraster excentricus tests
0
3
CD
8
ci'3"
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CD
"n
c3.
3"
CD
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a
O
3■D
O
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(/)C/)
Portion of test analyzed Weight per cent MgCOÔ
1 1
Local!ty 
2 5 19 20 23 23
Apical region 9.9 9.7 9.4 9.7 9.9 8.9 9.6 9.2
Mouth region 9.9 9.7 8.3 8.8 9.9 8.3 8.1 8.6
Posterior center margin 8.6 9.1 9.4 9.2 8.6 8,4 8.6 8.6
Anterior center margin 8.3 9.6 9.2 8.8 8.3 8.0 7,7 8.9
Teeth structure 9.4 10.2 9.4 9.1 9.4 8.9 8.8 8.3
Mean per cent MgCO_ 9.2 9.7 9.1 9.1 9.2 8.5 8.6 8.7
Per cent range 1.6 loi 1.1 .9 1.6 .9 1.9 .9
H
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and ambulacral plates separately. The data indicate that 
the apical region of the test is consistently high in 
MgCOg and that with less consistency, the center anterior 
margin of the test is low In MgCO^. It appears that 
selective topographic concentration of MgCOg may be quite 
extensive within Individual skeletons.
The per cent range of MgCO^ within the ei ̂ t  tests 
studied varies from 0.9 per cent to 1.9 per cent, and 
appears unrelated to mean temperatures, range in temp­
eratures, or any other obvious environmental factors.
Spines of Dendraster excentrlcus, Lytechinus anamesus. 
Strongylocentrotus purpuratus, and Strongylocentrotus 
franciscanus were analyzed and found to contain less than 
4 per cent solid solution magnesium.
The Distribution of MgCO, Within Single Populations
At any given locality, regardless of environment, a 
substantial range in MgCOj content among different indiv­
iduals of the same species is exhibited. An attempt was 
made to rela te this variation to both physiological and 
ecological factors.
Table IV shows the relationship between solid solu­
tion magnesium content and the antero-posterior diameter 
of both juvenile and adult D^ excentrlcus tests from four 
localities. In these four groups, as well as others not
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table IV,-Relationship between antero-poster!or diameter
(cm.) and MgCO„ content among difTerent individuals 
of same population
Loo . 1 Log , 5 Loc . 10 Loc, 15
Diam. % MgCOg Diam. % MgCO 3 Diam. % MgCO 2 Diam. % MgC(
1.59 9.4 1.84 10.0 2.05 8.1 1.49 8.6
1.78 9.2 1.85 9 .4 3.41 8.0 1.97 8.9
3.00 9.2 1.92 9.7 3.50 8.6 3.50 9.1
5.07 9.9 2.52 9 .4 4.04 8,8 6.51 8.3
5.78 9.4 3.05 9.7 4,15 8.6 6 .52 8.1
5.94 9.4 3.55 9.1 4.30 8.4 6 .98 9.4
5.95 9.9 4.33 8.8 4.34 8.4 8.04 8.3
6.09 9,6 4.68 9.6 4.73 8.4 8.04 8.6
6.24 9.4 5.05 10.5 5.51 8.6 8.18 8.8
6.27 9.9 5.18 9 .2
6.64 9.1 5.24 9 .2
8.19 9.7 5.24 9 .6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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shown, it l3 apparent that within the limits of observation 
and analytical precision, age and size are unimportant con­
trolling factors of magnesium intake.
The ranges in MgCOg content of the 24 Dendraster 
population samples, measured either as per cent variation 
or coefficient of variation, have no obvious trends or 
relationships with any environmental factor. The var­
iation in temperature that would be required to account 
for the compositional range among different tests from 
any given locality, as determined from either of the 
temperature-magnesium regression lines (fig. 2), is in
all cases, much greater than the environmental temperature
«
range present. It is believed most of this variability, 
beyond analytical precision, is caused by individual var­
iation .
The per cent variation, in terms of total MgCOg,
among different tests of the same species from the same
locations appears to be related to the mean skeletal
MgCO content. Table V is a summary of the variability of 
o
different species arranged in order orf increasing mean 
MgCOg content. Specimens with questionable collecting 
localities are not included. Species depositing relativ­
ely small amounts of MgCO^ have small compositional 
ranges, whereas, those with increasing mean percentages 
of skeletal magnesium increase in variability. The size
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of the compositional range is not directly a function of 
temperature because, as is discussed below, different 
echinoid species living under similiar temperature con­
ditions may have substantially different amounts of 
skeletal magnesium.
The Distribution of MgCO„ Among Different Populations
Tables VI and VII are complete summaries of environ­
mental as well as analytical data, A major difficulty in 
a study of this nature is the paucity of environmental 
data. It was sometimes necessary to interpolate tempera­
tures between data collecting stations separated by tens 
of miles, and in other instances, general data for a 
given one degree square of latitude-longitude were util­
ized .
Temperature and salinity data used in this study were 
obtained from publications or information from the follow­
ing sources (see bibliography): The U.S. Coast and
Geodetic Survey, Scripps Institution of Oceanography, The 
U.S. Navy Hydrographic Office, the Pacific Oceanography 
Group, and Gunnar I. Roden (written communication). Near 
shore surface water temperatures and salinities are used 
throughout and are usually based on more than one years 
observations.
In order to evaluate the effect of salinity on the
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coîTipositlon of Dendraster tests, ©11 locations were cat­
egorized as normal or low salinity. This was accomplished 
where possible on the basis of known salinity data, but 
more often on the basis of geographic considerations, that 
is, the presence of river mouths and lagoons. Classifi­
cation of relative salinity entirely by geographic con­
siderations is subject to some error and is not entirely 
reliable. For the purpose of this study the lower limit 
of normal salinity is considered 32 parts per thousand.
The relationship between mean summer environmental 
water temperature and the mean MgCO^ content of Dendraster 
excentrlcus tests from all 24 localities is shown in 
figure 2. The mean MgCO content of tests from normal 
salinity and low salinity waters as well as bay (sheltered) 
forms are shown using different symbols. Over a range of 
temperature of 10°C,, the calculated least squares regres­
sion line shows an increase of roughly 1 per cent MgCO^, 
This compares to an increase of between 4 and 5 per cent 
over a comparable temperature range, for echinoids as a 
group (Chave, 1954a, fig. 3). However, considering only 
the forms from normal salinity waters, the apparent temp­
erature effect is even less, amounting to about 0.5 per 
cent MgCOg,
Assuming reasonably accurate temperature data, the 
lesser slope of the normal salinity, temperature-magnesium
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regression line (fig. 2) is probably due to differences 
in salinity. The apparent effect of lower salinity is to 
decrease the MgCOg content relative to normal salinity 
forms living in waters of the same temperature. Although 
the absolute salinity effect is quite small, it is of con­
siderable importance relative to the change in MgCO 
caused by temperature alone.
All the sand dollars from sheltered locations, not 
subject to surf action are also from low salinity water 
and are particularly low in MgCO^. The difference in 
selectivity between the sheltered and open coast races 
described by Raup (1956), or the low magnesium content 
could also be related to some ecological factor other than 
salinity that is peculiar to bays. In order to determine 
whether the low magnesium content of bay forms is related 
to salinity or some other factor, the deviations of the 
mean MgCOj content from the normal salinity-temperature 
regression line were determined for the points in quest­
ion and plotted against salinity (where reasonable data 
were available). The resulting curve is shown in fig. 4, 
It appears that the change in MgCO^ content in bay forms 
is at least partially related to salinity.
The magnesium content of the normal salinity forms is 
most closely related to warmer environmental temperatures 
(fig. 2). The correlation coefficient based on the means
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is +0.84 for summer temperatures (mean temperature of the 
three warmest months). This compares wlch +0.72 for annual 
mean temperatures and +0.63 for winter températures (mean 
cemperature of the three coluest months). The 95 per cent 
confidence interval of the correlation coefficient for 
summer temperatures is +0.87 to +0 .52.
The MgCOz contents of ecuinoid species other than D . 
excentricus are summarized, in table V. It is apparent that 
different ecLinoj.d species living under chs same temperature 
conditions may deposit different mean percentages of MgC0?. 
However, constancy of the MgCO- content at cue generic level is 
suggested. For example, the MgC0, contents of the three species 
of Strongylocentrotus range from 6.7 to 6.9 per cent, wuile the 
twO species of Oncope yielded values of 11.2 to 11.5 pur cent. 
Blacxmon and Todd (1958 ) noted that the content of For-
aminifera was related to family affiliation ana suggested that 
test compositions may have taxonomic applications.
The number of species used in this s tudy is too limited to 
determine with certainty the nature of organic or environmental 
controls of magnesium intake among different species. However, 
there is some evidence, borne out in part by Chave‘s data, that 
intertidal echinoids are usually relatively deficient in MgCO^ 
compared to deeper water forms from the same temperature water.
The sand dollars from Florida and Panama were analyzed 
primarily to ascertain if the temperature-magnesium relationship 
was continuous in a linear manner for other species inhabiting
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t be same environment. The increase in summer mean cemperature 
for these warm-water sand dollars is ^ to 8°C. above Santa 
Rosalia Bay, which is the warmest Dendraster location (table 
VI). Correspondingly, che mean MgCO? content is over one 
and one-half per cent greater chan che maximum mean per­
centage found in Dendraster. If che magnesium intake of these 
species was linear continuation of the Dendraster temperature- 
magnesium relationship che expecced increase would be less 
than 0.t per cent. Probably each echinoid species has a 
certain level of minimum solid solution magnesium content to 
which is added more magnesium v^ith increasing temperature.
This minimum compositional level probably increases step­
wise with each succeeding warmer water form that takes over 
the particular environmental niche previously occupied by the 
colder water form.
RESULTS OF SrCO^ ANALYSES 
The Distribution of SrCO^ Within Single Populations
Variations in the amount of skeletal SrCO^ among indiv­
iduals of the same echinoid species living in the same environ­
ment , for the most part, fall within che limits of analytical 
precision. The mean coefficient of variability of the SrCO^ 
content of excentricus tests is 2.7 per cent which is only 
0.2 p:̂ r cent greater than the coefficient of variability of the 
analytical technique. The amount of variation does not in­
crease in species containing sucessively higher percentages 
of SrCO^, as in the case of MgCO^.
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analytical precision. The mean coefficient of variability 
of the SrCOg content of excentricus tests is 2.7 per 
cent, which is only 0.27 per cent greater than the co­
efficient of variability of the analytical technique. The 
amount of variation does not increase in species containing 
successively higher percentages of SrCOg, as in the case 
of MgCOj,
The Effect of Environment on SrCO, Distribution
The relationship between the mean Sr/Ca ratio in 
Dendraster tests and summer environmental water temperature 
is shown in fig. 5. The Sr/Ca ratio decreases roughly
0.30 X 10"3 over the observed temperature range. Since 
there is no reason to assume a progressive change in the 
Sr/Ca ratio of sea water it is apparent that the changes 
in Sr/Ca ratio of the test material are not directly pro­
portional to the Sr/Ca ratio of the water. Rather, it 
seems that the compositional changes are due in large part 
to differences in temperature. Changes in salinity appear 
to be unimportant in determining strontium intake.
Correlation coefficients, calculated assuming a 
linear relationship, indicate that the Sr/Ca ratio is 
most closely related to warmer temperatures. The cor­
relation coefficient for all 24 localities with summer 
temperatures is -0.76, compared to -0.69 and -0.61 for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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annual mean and winter temperatures respectively. The 
95 per cent confidence Interval of the summer temperature- 
correlatlon coefficient Is -0.92 to -0.52,
From fig. 5 (dotted line), It can he seen that 
changes In the Sr/Ca ratio are particularly prominent 
at the warmer and colder ends of Dendraster ' s geographic 
range. In view of the generalized nature of the tempera­
ture data, the small number of samples and the limits of 
analytical precision, this admittedly could be an entirely 
fortuitous relationship. However, a possible explanation 
for this, assuming a non-fortultous relationship. Is that 
charges in strontium Intake are at least partially con­
trolled by the physiology of the organism. The apparent 
break between cold and warm water temperatures in the 
temperature-Sr/Ca curve extends, as arbitrarily drawn, 
from 15° to 18.5°C. It Is possible that this temp­
erature range represents the optimum growth range of 
Dendraster. It would seem that temperature being favor­
able, some other factor must control SrCO^ Intake, whereas, 
at either end of the optimal range the temperature Is less 
favorable and becomes a more Important controlling factor.
Another interesting possible explanation for the 
temperature-Sr/Ca relationship is the structural anomaly 
in water which occurs at a temperature around 15 or 16°C. 
According to Drost-Hansen (1956) this structural change in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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water, which is caused, hy a discontinuous change in 
molecular packing, has a profound influence on many phases 
of biological systems, including membrane permeabilities. 
Strontium, because of its large ionic radius, would be 
relatively more affected than either magnesium or calcium 
by a decrease in membrane permeability. However, since 
little is known about the direction or magnitude of such 
biological changes, it is difficult to say if this theory 
is applicable here.
The fact that both skeletal magnesium and strontium 
(even if non-linear) are most closely correlated to warmer 
environmental temperatures strongly suggests that sand 
dollar tests are primarily deposited during the warmer 
months. However, it is also conceivable that calcite 
deposition is more or less constant year round, and during 
warmer times of the year a higher proportion of magnesium 
and strontium relative to calcium, enter the calcite 
lattice.
Considering the mean Sr/Ca ratios of all the species 
studied, no trend with water temperature is evident. 
Thompson and Chow (1955) contend that the entire phylum 
Echinodermata (allowing for individual variation and 
analytical precision) has a constant Sr/Ca ratio. This 
is not borne out by the data of this study. The dif­
ference in Sr/Ca ratio of different species is slight, but
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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In most cases significant (tables VI and VII),
The mean Sr/Ca ratios of all the species range from
2.37 to 3.48 X 10“^. With one exception, all the values 
are clustered between 2.89 x 10”^ (Dendraster) and 3.48 x 
10-3 (Strongylocentrotus franciscanus). The exception is 
Allocentrotus fragilis which exhibits a Sr/Ca ratio of
2.37 X  10“ ,̂ and also has the smallest amount of MgCO^ 
found in any species studied. Allocentrotus specimens 
were collected from relatively deep water (270* to 438') 
and the low Sr/Ca ratio may be related to depth. Obvi­
ously more data are needed to substantiate this.
DISCTJSSION
With further work it is possible that the magnesium 
and strontium content of skeletal material may be used 
simultaneously to determine at least relative paleotemp- 
eratures and salinities. That is, paleotemperatures may 
be determined by the strontium content and paleosalinities 
by the deviation of the MgCO^ value from a normal salinity 
regression line. However, it is apparent that the environ­
mental relationships observed in this study are not at 
present applicable with precision to such determinations. 
This is attributed principally to (1) lack of precise 
environmental data for recent environments, (2) the large 
variation in MgCO^ content between individuals of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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same echinoid sped es from the same environment, and,
(3) the level of analytical precision.
In this study, the lack of precise environmental data 
is considered the most detrimental factor. Through ne­
cessity, the only ecological variables considered in 
detail are temperature and salinity. It is possible that 
these are the most important factors, but it is most 
unlikely that these two variables are the only factors 
involved in the control of changes in test composition. 
Furthermore, even the temperature and salinity data are 
not of the desired accuracy, although the data are not 
believed to be sufficiently inaccurate to invalidate 
evaluation of general trends.
In future studies, the lack of environmental data 
may be overcome in part by artificial laboratory growth 
studies. However, in order to establish controls such 
studies must be accompanied by studies of the same species 
in their natural environment. The previously discussed 
possibility of year-round test deposition with seasonally 
changing Mg/Ca and Sr/Ca ratios of the material being 
deposited is particularly important to controlled growth 
laboratory studies. If members of a given live population 
are transferred to an artificial’ environment of constant 
temperature, the forms grown in relatively warm water may 
deposit an abnormally great amount of MgCO^ or small amount
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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of SrCOj, relative to those grown in cold water. Thus 
the slope of the temperature-regression line would he 
unnaturally great and not applicable to natural conditions. 
Varying the temperature of the artificial environment, to 
more closely approximate natural temperature ranges, would 
overcome this difficulty.
Because of the individual variation in echinoids, 
it is necessary to analyze a large number of tests in 
order to get a reasonably accurate mean composition 
figure. The data published by Chave (1954a) indicate 
that some groups of calcareous marine organisms may not 
exhibit as great a variability of magnesium content as 
echinoids, and thus would require fewer analyses.
This study, based preeminently on one species with 
consequent minimization of variables, has revealed several 
phenomena that would have been difficult or impossible to 
detect if a broader group of organisms had been used. For 
example, Chave (1954a) assumed that the temperature- 
raagnesium trend of a given echinoid species approximately 
parallels the trend of echinoids as a group. The data 
of this study indicate that this is not the case. It 
appears that the MgCO^ content of echinoid species changes 
at a significantly lesser rate than the temperature- 
magnesium trend of the entire class (fig. 3). This raises 
a question as to the importance of phylogenetic level in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-58-
determining the slope of the temperature-magnesium trend 
lines of individual species. Sufficient data are lacking, 
but it is possible that on a specific level the effect of 
organic complexity on magnesium intake is subduôd and may 
even be absent.
The changes in SrCOj content or Sr/Ca ratios of a 
given echinoid species also appear to be unlike the trend 
of the entire group. The important implication here is 
that paleoecological determinations utilizing the MgCO^ or 
SrCOj content of echinoid tests must be accomplished on the 
specific level or at best on the generic level.
Most likely the relationship between the Sr/Ca ratio 
and water temperature found in D_̂  excentricus is also pre­
sent in roughly similiar form in other calcareous marine 
organisms. This relationship was not noted by previous 
workers principally because a sufficient number of closely 
related forms from varying environments were not analyzed.
Turekian's (1955) suggestion regarding the possibility 
of salinity being an independent factor in determination 
of skeletal Sr/Ca ratios is not borne out by the data cf 
this study, Turekian*s conclusions were based on analysis 
of fossils, but were not backed up by data on similiar 
modern forms. It appears likely that the fossils used had 
been subjected to recrystallization. The Sr/Ca ratios 
are considerably lower than the Sr/Ca ratios of similiar
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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modern forms reported on by Thompson and Chow (1955), 
Furthermore, Turekian assumed that the temperature effect 
was negligible, which, as shown by this study, may not be 
the case. This emphasizes the necessity of further 
studies of recent material before attempting paleoeco- 
logical applications.
It is apparent from the above discussion that further 
studies on a specific level will be necessary if progress 
is to be made in precise paleoecological application of 
skeletal composition-environmental relationships. In view 
of the complexity of environmental controls, future 
studies should emphasize the analysis of a larger suite of
trace elements. Possible trace elements that may act as
environmental indicators include sodium, manganese, barium, 
and iron.
SUMMARY OF CONCLUSIONS
1. The MgCOs content of Dendraster tests is directly 
related to both water temperature and salinity. The 
increase in MgCOj content with increasing water temp­
erature does not follow the general increase of the 
entire class as determined by Chave (1954a). Age and 
size, at least within stated limits, appear to be
unimportant in controlling magnesium intake,
2. The temperature-magnesium relationship is not con-
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tinuous between different species occupying similiar 
environmental niches under different temperature con­
ditions .
3. Different echinoid species living under similiar 
temperature conditions may deposit significantly 
different amounts of MgCOg.
4. Roughly speaking, among different species the vari­
ability between individuals from the same population 
becomes greater with increasing mean skeletal MgCO^ 
content.
5. The variability of MgCOg among individuals of the same 
species from the same location appears to be related 
mainly to individual variation rather than some en­
vironmental factor.
6. The Sr/Ca ratio of Dendraster excentricus tests is 
inversely related to water temperature. Changes in 
the Sr/Ca ratio may be in part controlled by the 
physiology of the organism, but are not related to 
the Sr/Ca ratio of the water, 8si ini ty does not 
appear to have any important effect on the Sr/Ca ratio
7. Differences in the mean Sr/Ca ratio between different 
echinoid species does not appear to be related to 
water temperature.
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APPENDIX I
ANALYTICAL DATA
Table VIII,-Summary of individual MgCO_ analyses of 
Dendraster excentrlcus tests
Loc, 1 Loc. 2 Lee. 3
12 9.9
13 9.4
Loc. 5 
No. % MgCp,
1 ^ 9 . 6  ®
2 8.8
3 9.2
4 9.7
5 9.4
6 9.2
7 10.5
8 9.6
9 9.4
10 8.9
Loc. 9 
No. % MgCO?L
1 8.6
2 8.9
3 9.6
No. % MgCO, N o . % MgCO^ No. % MgCOj No. % MgCO^
1 9,4 1 8.1 1 8.8 1 8.9
3 9 .2 2 9.4 2 9.9 2 9.1 ,4 9.2 3 8.8 3 10.2 3 9.1
5 9.9 4 9.2 4 8.6 4 9.2
6 9.9 5 9.2 5 9.2 5 9.6
7 9.6 6 9.1 6 8.9 6 9.2
8 9.4 7 9.2 7 9.1 7 9.1
9 9.1 8 9.1 8 8.9 8 9.2
10 9.7 9 8.8 9 9.2 9 10.0
11 9.6 10 9.2 10 9.6 10 8,6
Loc. 6 Loc. 7 Loc. 8
No. MgCO, No. % MgCO3 No. % MgCO,
1 9.6 1 8.8 1 8.3
2 8.8 2 9.4 2 8.4
3 9.7 3 8.8 3 8.0
4 8.9 4 9.2 4 8.3
5 9.4 5 9.1 5 9.2
6 9.4 6 8.4 6 8.67 8.9 7 8.8
8 9.1 8 9.1
9 9.6 9 8.1
10 8.9 10 8.6
Loc. 10 Loc. 11 Loc, 12
No. % MgCO.^ No. % MgCp, No. fo MgCpg
1 8.4 1 8.9 3 9.2
2 8.4 2 8.9 4 8.9
3 8.6 3 8.4 5 9.14 8.4 4 8.9 6 9.1
5 8.4 5 9.1 7 9.1
6 8.6 6 8.8 8 9.2
7 8.6 9 8.4
8 8.1 10 8.49 8.0 11 8.9
10 8.8 12 8.9
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toc, 13 
No. % MpiCO^ Loc. 14
1 8.62 8.93 8.34 8.05 9.1
6 8.07 8.48 8.39 8.610 9.1
Loc. 17 No. ^ MgCO^
1 8.6
2 8.3
3 8.6
4 8.4
Loc. 21 
No. % MgCO.
1 8.32 8.93 8.44 8.05 7.56 7.87 8.08 7.89 8.010 8.4
1 8.32 9.1
3 9.14 8.3
Loc . 18No. % MgCO
1 9.4
2 8.6
3 9.14 9.6
5 8.6
6 8.6
7 10.2
8 9.1
9 8.4
10 9.1
Loc . 22
No. % MgCO
1 8.32 9.2
3 8.8
4 9.2
5 8.4
6 8.3
7 8.4
8 8.4
9 8.1
10 8.3
Loc . 15 Loc. 16No. % MgCO^ No. % MgCO,
1 9.1 1 8.12 8.9 2 8.93 8.3 3 9.44 8.3 4 8.15 8.6 5 8.66 8.1 6 8.37 8.8 7 8.88 9.4 8 8.99 8.3 9 9.210 8.6 10 8.4
Loc . 19 Loc. 20N o . % MgCO% No. % MgCO
1 9.1 1 7.7
2 8.6 2 8.0
3 8.6 3 8.04 8.8 4 8.15 9.2 5 7.76 9.2 6 8.4
7 8.9 7 8.18 9.1 8 8.0
9 9 .7 9 8.1
10 9 .6 10 8.3
Loc . 23 Loc. 24
No. % MgCO, No. % MgCO,
1 8.8 1 8.02 8.4 2 9.1
3 8.1 3 8.3
4 8.3 4 8.4
5 8.3 5 9.1
6 8.4 6 9.1
7 8.6 7 9.1
8 8.8 8 8.3
9 8.3 9 8.0
10 8.3 10 9.2
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Table IX.-Summary of individual MgCOg analyses of tests 
of species other than Dendraster excentricus
Strongylocentrotus Strongylocentrotus Strongylocentrotus 
purpuratus franciscanus drobachiensis
Loc. 26 
No. % MgCO.̂
12
5
6.4
6.9
7.0
Loc. 27 
No. ^ MgCO,̂
1 6.72 7.0
5 7.0
Loc. 12 
No. ^ MgrÇ0^
1 6.7
Encope sp. Echinarachinius
parma
Echinarachinius
parma
Loc. 29 Loc, 30 Loc. 31
No. % MgCO^ No. %_Ms c o 3 No. % MgCO3
1 12.0 1 10.4 1 10.8
2 10.5 2 12.7 2 12.1
3 11.8 3 11 .3 3 10.2
4 10.4 4 11.2 4 12.1
5 11.2
6 10.0
7 10.7
8 11.2
Encope
emarginata
Loc. 32 
No. % MgCO^
1 11.5
Lytechinus 
anamesus
Allocentrotus 
fragilis
Loc ,. 25 Loc. 28
ro. % Mgco?^ No. % MgCO,
1 9.1 1 5.7
2 9.1 2 5.3
3 9.4 3 5.3
4 9.1 4 5.4
5 9.6 5 5.3
6 9.7
7 9.4
8 8.4
9 8.9
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Table X,-Summary of individual SrCO^ analyses of
Dendraster excentricus; results expressed in 
parts per million
Loc . i Loc. 2 Loc. 3 Loc. 4 Loc, 5
N o . SrCO^ N o . SrCOg No. SrCO^ No. SrCOg No. SrCOg
5 3300 1 3650 1 3950 1 3750 1 4000
8 3700 3 3550 2 3600 3 3650 5 3900
9 3200 5 3750 7 3650 4 3550 6 3850
10 3250 8 3700 8 4000 8 3700 7 3800
11 3700 9 3800 9 3950 9 3550 8 3850
Loc . 6 Loc. 7 Loc. 8 Loc. 9 Loc. 10
No, SrCO?; No. SrCO^ No, SrCOn^ No . SrCO^ No. SrCOrt;
1 3800 1 3850 5 3950 1 3900 1 3650
2 3600 2 3900 7 3850 2 3900 3 39503 3900 5 3600 8 3700 3 3950 4 3950
5 3900 6 3750 9 3850 7 3850
6 3650 7 3850 10 3700 10 4000
Loc. 11 Loc. 12 Loc. 13 Loc. 14 Loc. 15
No. SrCO^i No. SrCO^ No. Sr CO No. SrCO No. ,SrCO
2 4100 3 3950 2 4000 I 3900 3 4050
3 4050 7 4050 3 4050 2 3850 6 4100
4 4000 8 4100 4 3800 3 3950 7 4050
5 3800 10 4100 6 3800 4 4050 9 4100
6 4100 12 3850 9 3850 7 4050 10 3950
Loc. 16 Loc. 17 Loc, 18 Loc. 19 Loc. 20
No. SrCO^ No. SrCO, No . SrCOj No. SrCOg No. SrCOj
2 4000 1 3850 2 3700 2 4000 1 3800
5 3750 2 4000 5 3950 5 4000 2 3900
6 3750 3 4050 7 3700 7 3850 3 3800
8 3650 4 4150 8 3800 8 3900 4 3900
9 3750 5 4000 9 3900 9 3950 5 3950
Loo. 21 
No. SrCO?
4 3850
5 39009 3850
10 3900
Loc. 22 
No. SrC0?i
1
3
4
5 
9
3800
3950
4100
3700
4000
Loc . 23 
No. SrCOr̂
1
2
6
9
10
4000
3850
3750
40003950
Loc. 24 
No. SrCO?;
5 4250
6 4100
8 4150
9 3950
10 4000
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Table XI.-Summary of individual SrCOj, analyses of tests 
of species other than Dendraster excentricus
Strongylocentrotuspurpuratus Strongylocentrotus franciscanus Echinarachinusparma
Loc . 26 Loc. 27 Loc. 30No. SrCO, No. SrCO^ No. SrCO,
1 4050 1 4650 2 4000
2 4250 2 4600 4 3900
3 4200 3 4950 5 41006 4000 
8 3800
Echinarachinus Encope Lytechinus
parma emarginata anamesus
Loc. 31 Loc. 32 Loc. 25
No. SrCO, —  ”0 No. SrCO, No. SrCO^
1 3950 1 4100 1 47502 3950 2 4400
3 3850
4 3750
3 4400
Allocentrotus
fragilis
Loc. 28 
No. SrCO?,
1 3200
2 3400
3 3400
4 3250
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